A Revisit to the Hantzsch Reaction: Unexpected Formation of Tetrahydrobenzo[b]pyrans beyond Polyhydroquinolines
In recent years, use of multicomponent reactions (MCR) have attracted a great deal of attention as they are performed without a need to isolate any intermediate. These are superior to two-component reactions, with respect to several aspects including the simplicity of a one-pot procedure, possibly because of the ease in making structural variations and building up complex molecules. 1 However, in case of MCR the prediction of the product is a difficult task due to competitive existence of a variety of intermediates and formation of the byproducts in the reaction. The use of computational tools for calculation of heat of formation makes the task easier. MCR leading to interesting heterocyclic scaffolds are particularly useful for the creation of diverse chemical libraries of 'druglike' molecules. One prominent MCR that produces an interesting class of oxygen heterocycles is the venerable tetrahydrobenzo [b] pyran synthesis.
The chemistry and pharmacology of tetrahydrobenzo [b] pyrans are receiving considerable interest 2 which can be readily realized from the appearance of vast number of articles dealing with synthesis and biological activities of tetrahydrobenzo [b] pyran derivatives.
3-6 4H-Pyran nucleus constitute structural features of a broad range of natural products. 4 The tetrahydrobenzo [b] pyran ring is often encountered as a structural component of compounds possessing biological activity as anticoagulant, spasmolytic, anticancer, anti-anaphylactin 5 agents. Also, they can be used as cognitive enhancers for the treatment of neurodegenerative disease including Alzheimer's disease, amyoprophic lateral sclerosis, Huntington's disease, Parkinson's disease, AIDS associated dementia and Down's syndrome as well as for the treatment of schizophrenia and myoclonus.
6 Some 2-amino-4H-pyrans could also be used as photoactive materials. 7 These pharmacological and technological properties of tetrahydrobenzo [b] pyrans encourage the development of methods for their synthesis and functionalization.
In continuation of our interest in 1,3-dicarbonyl compounds, 2a,8 in this letter we describe competitive, multicomponent synthesis of tetrahydrobenzo [b] pyran over polyhydroquinolines under Hantzsch reaction conditions. Recently, we have reported catalyst-free synthesis of polyhydroquinolines (Hantzsch Reaction) via multicomponent reaction of aldehyde, dimedone, ethylacetoacetate, and ammonium acetate at ambient temperature. 9 Inspired by these results, our attention was then focused towards the synthesis of polyhydroquinolines of another family by replacing ethylacetoacetate with malononitrile. Initially, the reaction of anisaldehyde, dimedone, malononitrile, and ammonium acetate was carried out under catalyst-free conditions in ethanol medium at room temperature to obtain 4-(4¢-methoxyphenyl)-3-cyano 4, 5, 6, 7, Scheme 1) .
Scheme 1 Competative multicomponent synthesis of tetrahydrobenzo [b] pyran; path 1 10 Surprisingly, in contrast to our expectation instead of polyhydroquinoline corresponding tetrahydrobenzo [b] pyran (5, Scheme 1, path 2) was obtained in excellent yield. Recently, Kapoor 10 et al. reported multicomponent synthesis of polyhydroquinolines 6 in solid phase (Scheme 1, path 1) without any catalyst using grinding conditions. It is noteworthy that in solution phase tetrahydrobenzo [b] pyrans were formed instead of the expected polyhydroquinolines. This result made us to think about the mechanism of the reaction. It was noted that ammonium acetate acts as a catalyst for present transformation instead of a reactant. Ionization of ammonium acetate in ethanol medium generates NH 4 + ions that coordinates strongly to the O atom of 1,3-diketone to form its enolate ion causing rapid enolization of 1,3-diketone. Its subsequent Michael addition with cyanoolefin (8, Scheme 2) formed in situ from Knoevenagel condensation of aldehyde 1 and malononitrile (3) followed by cyclocondensation results into the corresponding tetrahydrobenzo [b] pyran instead of polyhydroquinoline. For formation of polyhydroquinolines enaminone intermediate 7 is essential. Hence, to ascertain formation of intermediate, we have carried out reaction of dimedone and ammonium acetate (1:1) in ethanol at room temperature for 1 hour, however, we obtained starting 1,3-diketone as it is. Our earlier report on the synthesis of polyhydroquinolines 9 also supported that the enaminone of b-keto ester and not the 1,3-diketone was formed in solution phase.
To understand the feasibility of formation of product 5 instead of product 6 in solution phase, we have carried out RHF semi-empirical calculations using Hamiltonian method for these species along with the corresponding possible intermediates required for the two separate paths. The computational outputs are summarized in Figure 1 . It is observed that the heat of formation of product 6 is highly positive, that is, endothermic compared to product 5 (Figure 1 ), which illustrate that the product 5 should be formed instead of 6. However, the formation of product 5 proceeds via enolization of dimedone and that of product 6 via enaminone. Amongst these two intermediates of the two different paths, the heat of formation of the enol form is highly negative than that of enaminone ( Figure 1 ). This also confirms that the enolization is highly feasible in solution phase (in protic solvents) than enaminone formation. Hence, product 5 is formed in solution phase and structure of which has been confirmed with spectral analysis. However, in solid phase, the synthesis of product 6 is reported. 10 The heat of formation of product 6 is highly positive indicating that the species can only be formed when extra heat is supplied externally. This is being provided through mechanical energy in terms of sufficient grinding which may result in the formation of product 6.
Based on the above experimental results and the computational analysis, a plausible mechanism for the competitive multicomponent synthesis of tetrahydrobenzo [b] pyran in ethanol is depicted in Scheme 2.
Tetrahydrobenzo [b] pyrans of structurally diverse aldehydes (Table 1) were prepared under the same conditions (1/2/3/4 = 1:1:1:1, Scheme 1) to support the above-mentioned fact. It is worthy of note that synthesis of tetrahydrobenzo [b] pyrans involving organometallic moiety Figure 1 Heat of formation for the product and the intermediates (Scheme 2) calculated using RHF semi-empirical method using MNDO-PM3 Hamiltonian.
Scheme 2 Mechanism of formation of tetrahydrobenzo [b] pyrans vs. polyhydroquinolines remained ignored, and hence we have focused our attention towards ferrocene carboxylaldehyde. Gratifyingly, we achieved tetrahydrobenzo [b] pyran of ferrocene-2-carboxylaldehyde (Scheme 3) in good yield (Table 1 , entry 11).
Ammonium acetate acts as a catalyst for the present transformation instead of a reactant, which led us to the development of an alternative and more economical protocol for the multicomponent synthesis of tetrahydrobenzo [b] pyran using ammonium acetate as an inexpensive, highly efficient, and easy to handle catalyst. Then efforts have been taken for optimization of amount of ammonium acetate, and it is found that 0.20 mmol of ammonium acetate was required as a catalyst for the present transformation (entry 4, Table 2 ).
Having established the reaction conditions, various tetrahydrobenzo [b] pyrans were synthesized in excellent yields. Several representative examples are summarized in Table 3 . In all cases, tetrahydrobenzo [b] pyran was the only product and no byproduct was observed. Aromatic aldehydes with substituents carrying either electrondonating or electron-withdrawing groups reacted successfully and gave the products in high yields. To demonstrate the scope of the procedure, the reaction of the heteroaromatic aldehyde viz. thiophene-2-carboxaldehyde was studied, and the results are summarized in Table 3 (entries 8 and 9). It is noteworthy that variation in the 1,3-diketone has also been successfully used for the synthesis of tetrahydrobenzo [b] pyrans.
The identification of tetrahydrobenzo [b] pyrans 5a-k (Table 1 , entries 1-3) is unequivocally ascertained by 1 H NMR, 13 C NMR, HRMS, and FT-IR spectral analysis. The structure of 5i (Table 1, entry 9) was further confirmed by X-ray crystallography (Figure 2) , which revealed a unique characteristic of this type of compounds in the solid state. According to the X-ray single-crystal diffraction study, the geometry of crystal is monoclinic. The cyclohexane ring from the aldehyde adopts a chair conformation while the cyclohexenone ring adjacent to the pyran ring adopts a boat conformation, and the plane of the cyclohexyl ring is orthogonal to central pyran ring (the cyclohexyl ring makes a dihedral angle of 87.03u with the plane through the pyran moiety). In summary, we have devised a competitive multicomponent synthesis of tetrahydrobenzo [b] pyrans over polyhydroquinolines in ethanol at ambient temperature under Hantzsch reaction conditions. The methodology adopted is justified on the basis of thinking and visualizing the reaction pathways. The semi-empirical calculations of heat of formation for the products and the intermediates have been estimated to confirm the formation of tetrahydrobenzo [b] pyrans instead of polyhydroquinolines in protic medium. The detailed mechanism for competitive formation of tetrahydrobenzo [b] pyrans over polyhydroquinolines is suggested.
General IR spectra were recorded on a Perkin-Elmer FT-IR 783 spectrophotometer. NMR spectra were recorded on a BrukerAC-300 spectrometer in CDCl 3 using TMS as internal standard, HRMS spectra were recorded on Q-TOF mass spectrometer.
Typical Procedure
Method A (for Table 1 = 20.19, 26.18, 26.28, 26.53, 26.99, 2755, 30.39, 34.62, 36.96, 43.73, 59.03, 115.23, 159.71, 164.78, 196.57 = 27.21, 28.43, 29.05, 32.15, 40.60, 50.74, 60.99, 65.75, 66.71, 66.99, 68.12, 69.15, 93.11, 99.99, 116.29, 159.90, 161.67, 196.28 3389, 3329, 3255, 3220, 2958, 2940, 2894, 2840, 2198, 1678, 1657, 1365, 1218, 1163 7.20-7.63 (m, 5 H) . Table 3 ) Ammonium Acetate Catalyzed Synthesis of Tetrahydrobenzo- [b] pyrans A mixture of aldehyde (1 mmol), malononitrile (1 mmol), and 1, 3-diketone (1 mmol), NH 4 OAc (0.20 mmol) in EtOH (5 mL) was stirred at r.t. for the time indicated in Table 3 . The reaction mixture was poured into ice water and just filtered to yield corresponding tetrahydrobenzo [b] pyran. The residue was purified by recrystallization in EtOH to get the desired product, i.e., tetrahydrobenzo [b] pyran (5). 51, 26.46, 34.70, 36.18, 99.45, 125.69, 126.93, 126.99, 129.28, 162.91, 195.29 28, 19.39, 20.37, 26.16, 30.31, 35.97, 63.07, 99.19, 115.10, 127.02, 127.23, 129.59, 131.93, 134.81, 140.86, 156.21, 162.39, 195.22 3364, 3320, 3177, 2956, 2924, 2191, 1682, 1651, 1664, 1360, 1209, 1163 = 19.76, 26.71, 30.00, 36.45, 62.83, 99.72, 115.00, 118.24, 124.14, 124.64, 126.75, 147.43, 157.60, 162.89, 195.60 
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